A simulator is developed to model and design high strain shape memory alloy (SMA) tension actuators.
Introduction
Shape memory effect (SME) refers to the ability of certain materials to recover a predetermined shape when heated. When a shape memory alloy is in the Martensitic phase (M-phase) at low temperature, it has a very low yield strength and can be deformed quite easily into a new shape, which it retains. However, when the material is heated so that it is in the Parent phase (P-phase), also called Austenitic phase at high temperature, the SMA undergoes a change in crystal structure which causes it to return to its original shape. If the SMA is loaded during this transformation, it can generate large forces. This phenomenon provides an unique mechanism for actuation.
Since the discovery of the shape memory effect, many materials have been found to exhibit such properties. The most common is an alloy of nickel and titanium called Nitinol (NiTi). As an actuator, it is capable of up to 5% strain recovery and 180 Mpa stress restoration with many cycles [l] . Shape memory alloys have attracted much attention from various fields in industry. Conventional technologies such as electric, hydraulic, and pneumatic actuators have difficulties generating significant forces when their size and weight are scaled down [2] . However, shape memory alloy actuators can attain a high strength to weight ratio which makes them ideal for miniature applications.
While extensive research has been carried out to find practical applications for shape memory alloys, a substantial amount of work has been concerned with establishing mathematical models for these kinds of materials [3, 4] . Few of these models have been used to design SMA actuators and analyse their performance before they are constructed.
In this paper, we describe a computer software able to model various characteristics such as thermal, material and geometric properties of a type of NiTi shape memory alloy actuator. This simulator is verified by experiments and further used to compare the performance of the proposed SMA actuator with other actuator techniques given similar shape and actuation methods. More specifically, we apply our simulator first to predict the open-loop response of a given actuator, and second to compare high strain shape memory actuators as candidate replacement for electromagnetic and pneumatic actuators.
Design of the Simulator
The characteristics of a shape memory alloy actuator system can be divided into three groups, namely the thermal property (TP), the material property (MP), and the geometric property (GP). The simulator is designed to model each group and together the overall behaviour of the system. The overall system can be described by a constitutive equation
If sufficient input variables to function G are specified, the relation for the rest of the variables is determined. For a specific SMA actuator, the parameters related to TP, MP and GP are fixed. Therefore, G = 0 may be used to characterises the input-output relationship of the system.
Most conventional models deal with this relationship since it is important for controller designs. But when designing a specific actuator, stress, strain and some other actuator parameters are given as specifications, while the remaining parameters are to be determined to satisfy the requirements. A particular common version of this problem is to design a SMA actuator given stipulations such as force, stroke, size and material. Conversely, it might be needed to determine desired materials properties such a transition temperatures, in order to achieve a certain level of performance given geometrical constraints.
Modelling the Open-loop Response
Shape memory alloys exhibit different mechanical properties at different phases. The highly non-linear characteristics of SMA create difficulties for both modelling and control. Most conventional models existing in the literature study the behaviour of SMA from a material science point of view [5, 6] . A reasonably successful nonlinear model was developed by Ikuta et al. [3] and extended by Madill [4] to account for both major and minor hysteresis behaviour.
In this paper, Ikuta's variable sublayer concept is used to model the phase transformation of a NiTi shape memory alloy, while heating SMA fibers with electric current is used to replace the water bath in Ikuta's experiment. The structure of the model is summarized in the block diagram in Figure 1 .
A thermal conduction and heat transfer model is used to predict the temperature-current relationship of SMA in ambient air [4] :
where R is the resistance of SMA, p is the density, Cp is the heat capacity, V is the volume of the SMA wire, h is the heat transfer coefficient, A is the surface area of the SMA wire, T , is the ambient temperature, and i is the electric current. 
where C and a are thermal constants that can be identified experimentally or calculated from standard heat transfer formulae as follows. 
Test Cases
The high strain shape memory alloy actuator consists of a number of thin NiTi fibers woven in a counter rotating helical pattern around supporting disks. It was first proposed by Grant and Hayward [l] . The structure of the actuator is shown in Figure 4 . The disks are separated by preloading springs that keep the fibers under tension when relaxed. When the fibers are heated, they contract pulling the disks together.
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Model of the SMA Actuator
The design parameters involved in modelling the actuator are defined in Figure 5 .
The forcedisplacement characteristic of the SMA actuator is linked to the stress-strain relationship of the SMA fibers by a geometric factor. The kinematic amplifica- (5) Since the weave pattern of the actuator is always symmetric, all the radical components of the tension forces of the fibers cancel, leaving only a common axial stress force component Faetuator. If the number of notches around the disk is N,, there are 2Nn fibers in one cell of the actuator. Therefore, the total axial force of the actuator can be expressed as:
2Nnsin(a) is the geometric factor which maps the kinematic gain of the SMA fibers to that of the actuator. The displacement gain, defined as the change in stroke along the separating distance divided by the change in the fiber length is:
The SMA actuator achieves a transformation between force and displacement according to the geometric factor. In this manner, the actuator is no longer limited to the absolute percent strain of the fiber, while the force attenuation can be compensated by using several fibers in parallel. Equation ( 6 ) written in detail is:
where s is the cross section area of the SMA fiber, R, is the Martensite fraction that indicates the phase mix of the actuator, N , is the number of cells, SS repres6nts the phase dependent stress-strain function of the shape memory alloy, E is the strain of an individual fiber, and 1, is the overall length of the actuator. Given the model of the SMA behaviour, the model of the actuator can be constructed based on equation (8) to predict the force-displacement characteristic.
To design an actuator given the desired force, stroke, and dimension, equation (8) has to be solved for the design variables, as a function of given parameters. Numerical methods including Newton and bisection algorithms for finding the roots of non-linear functions are used to determine the design variables when closed-form solutions can not be obtained. For example, the left side of Figure 6 illustrates how to select the length of the actuator according to different strength specifications given a desired stroke, diameter, number of notches and cells. In this particular case, under a certain maximum force, there are two lengths which be be selected for a given required force. The right side of Figure 6 describes how to select the number of disks under similar conditions. The force (N) Figure 6 : Geometric Property modelling software can display relationships between any design variables. Of course, it is only convenient to plot relationship between two and sometimes three design variables. Due to its generality, the modelling software could be used by nonlinear search techniques in order to automate the design process. spacing of the disks was set at 2 mm. The actuator constructed is 6 grams in weight and fits inside a 17 mm diameter cylinder, 30 mm in length. The maximum pulling force is about 4 N. The simulation of the force-displacement relationship of this specific actuator is shown in Figure 7. displacement (mm) Figure 9 are obtained by modelling the response of the bias actuator under heating conditions described in the experiments. The thermal constants of the dynamic model are identified from experiments. The simulation result gives good matches. It is easily noticed that the small ripples which are quite apparent on the experimental response are not present in the modelled response. This is easily explained by the fact that the load in the model does not include any inertial term, so second order dynamics are not modelled.
The Prototype Actuator 4.3 A Micro-gripper Actuator
The prototype implements only one among many possible configurations of the SMA actuator's geometry. 100 pm diameter SMA fibers were chosen for the actuator prototype which was designed to have a desired stroke of 2.5 mm. The actuator consists of 8 disks with 6 notches around each disk. The initial The left side of Figure 10 shows the force-displacement characteristic of an SMA actuator with 5 disks, 4 notches, and an offset angle of 90 degrees between successive disks. The pulling force that can be generated by the actuator with a stroke of 0.3 mm is greater than 5 N when the fibers are heated with the rated current, while the absolute strain of each fiber is less than 1%. One other configuration of the actuator with same length and diameter has 3 disks, 5 notches, and the offset angle is set to 108 degrees. The strength of the actuator is greater due to more fibers and a smaller displacement gain. As a result, the fibers operate at an absolute strain of about 1.7% to achieve the 0.3 mm stroke, yielding a tension greater than 15 N.
The weight of the actuator at such scale would be about 2.5 grams. Clearly, it is much more powerful than the solenoid actuator with same size. In ambient air, the rise time would be about 30 ms. Bathed in a fluid, an order of magnitude of improvement would be expected. is 147 mm in length and 15 mm in diameter. The tension indicated from the experimental result at 4 bar pressure and 25 mm displacement is about 50 N. The maximum tension reported for this type of actuator is 260 N. For the same length and diameter specified above, a SMA actuator could have 24 notches (48 fibers in parallel), 35 disks, and an offset angle of 90 degrees. The simulation of the force-displacement curves of the actuators using 100 pm and 200 pm diameter SMA fibers respectively are shown in Figure 11 . The displacement gain is 3.4. The fibers in both actuators operate at 2% absolute strain to have a 25 mm stroke.
The maximum tension of the actuator using 100 pm and 200 pm diameter SMA fibers are 38 N and 150 N respectively, with rated heating current. The weight of an actuator is about 16 to 20 grams. Using 200 pm diameter fibers results in a much stronger actuator, but suffering from a reduced response time. We would expect the rise time an actuator with the thicker fibers to be 60 ms. The Bridgestone actuator chosen from [9] for comparison yields the highest tension and stiffness intensities among all the pneumatic actua- for the McKibben actuators using nylon shell and fibreglass shell are 110 N and 56 N respectively. SMA actuators for a same size package would yield more strength than any of these designs. They also would be much simpler to manufacture and would not require servo valves. Experiments with smaller actuators using 100 pm fibers (fiber diameter is the dominating factor) indicate much wider dynamic range and speed ranges.
Conclusions
A software simulator for shape memory alloy actuator systems is constructed to predict the currentstress-strain dynamics of a NiTi shape memory alloy high-strain actuators. This simulator is also used to design geometries of the proposed SMA actuator under specifications such as force, stroke, size, and speed.
The performance of such an actuator is compared with that of a miniature solenoid actuator and a pneumatic muscle size actuator under similar dimensions. The SMA actuator is superior to the solenoid actuator in power, weight and displacement range. The comparison of the SMA actuators with the Bridgestone artificial muscle indicates that shape memory alloy actuators can also be employed in larger structures.
